Bangladesh is underlain by shallow aquifers in which millions of drinking water wells are emplaced without annular seals. Fecal contamination has been widely detected in private tubewells. To evaluate the impact of well construction on microbial water quality 35 private tubewells (11 with intact cement platforms, 19 without) and 17 monitoring wells (11 with the annulus sealed with cement, six unsealed) were monitored for culturable Escherichia coli over 18 months. Additionally, two 'snapshot' sampling events were performed on a subset of wells during late-dry and early-wet seasons, wherein the fecal indicator bacteria (FIB) E. coli, Bacteroidales and the pathogenicity genes eltA (enterotoxigenic E. coli; ETEC), ipaH (Shigella) and 40/41 hexon (adenovirus) were detected using quantitative polymerase chain reaction (qPCR). No difference in E. coli detection frequency was found between tubewells with and without platforms. Unsealed private wells, however, contained culturable E. coli more frequently and higher concentrations of FIB than sealed monitoring wells (p < 0.05), suggestive of rapid downward flow along unsealed annuli. As a group the pathogens ETEC, Shigella and adenovirus were detected more frequently (10/22) during the wet season than the dry season (2/20). This suggests proper sealing of private tubewell annuli may lead to substantial improvements in microbial drinking water quality.
INTRODUCTION
Bangladesh is underlain by shallow aquifers consisting of unconsolidated sand and silt laid down by streams and rivers flowing through the Ganges-Brahmaputra delta (Goodbred & Kuehl ; Weinman et al. ) . In addition to annular flow around the tubewell, it is possible that fecal contamination enters aquifers and tubewells through infiltration from latrines or seepage from the many ponds and canals found in rural villages (Knappett et al. a) .
Recent field experiments in Bangladesh indicate efficient spatial removal of FIB in typical medium-grained aquifers, with 7-log 10 removal within 13 m from leaking latrine ponds (Knappett et al. ) . This finding suggests that fecal contamination of unconfined aquifers from latrines, ponds and other sources should have relatively limited spatial extent. Contamination would be expected to be even more limited in areas where the aquifer is overlain by silt or clay layers. This is not consistent, however, with the widespread occurrence of FIB in tubewells located in both unconfined sandy aquifers and aquifers overlain by silt which found links between the presence of standing water around the well-head and poor microbial water quality in the well. Additionally, the previously unpublished results of two snapshot monitoring events for FIB DNA and pathogens on a subset of private and monitoring wells are presented here.
Studies spanning multiple villages and seasons in

METHODS
Site description
The village of Char Para is referred to herein as Site K (Knappett et al. a, b) . Char Para overlies a sand bar deposit of the neighboring 'Old Brahmaputra' river, which flows throughout Araihazar upazilla and transported far more water and sediment, in the past, than it does today (Weinman et al. ) . Bangladesh has a dry season during which the region receives little rain from November through May. The dry season is followed by the monsoon, a period of 3-4 months during which Bangladesh receives the vast majority of its total rainfall for the year. In this study, rainfall was measured using a HOBO weather station The minimum and maximum depths of these private tubewells, reported by the owners, were 6.1 and 91.5 m, respectively, with a median depth of 9.1 m. The positions of all wells in this study were determined using high accuracy (sub-meter) GPS using a Trimble GeoXH receiver and Terrasync 2.4 software. GPS data were post-processed using Pathfinder Office 3.0 (Trimble Navigation Ltd, Sunnyvale, CA).
Drillers in Bangladesh do not typically use any material
to seal the outside of the PVC pipe (personal communication, Peter Ravenscroft) from rapid annular flow or 'short-circuiting' of surface water or near-surface water to screened interval depth. In developed countries, bentonite, an expanding clay, will typically be used to seal wells. To control for the possibility of annular flow, 11 monitoring wells with cement seals (MS) were installed in January 2008 throughout Site K. Ten of these had 1.5 m screens at the same depth as a nearby private well, and one was installed at some distance from all the 35 monitored private wells ( Figure 1) and was screened at a typical depth. In addition six monitoring wells were installed within two multilevel nests, previous to 2008 without cement seals (M) ( Table 1) The filters were removed from the plastic housing, placed in sterile Petri dishes, frozen and transported on dry ice to the University of Tennessee. DNA was extracted and purified from the filters using the FastDNA ® SPIN for Soil Kit (MP Biomedicals, LLC, Solon, Ohio) following the manufacturer's protocols. DNA was measured using a nanodrop and the extracts were diluted to 5-10 ng/μL of total DNA to avoid inhibition, and this was further verified by measuring the amount of a known plasmid spike added to each sample for each PCR run.
Quantitative PCR was performed to detect E. coli and Bacteroidales using the same assays and laboratory methods as described in our previous study (Knappett et al. b) .
The gene targets for the E. coli (herein referred to as mE. Table 2 . Pathogen genes (eltA, ipaH and adenovirus 40/41) were assayed in duplicate or triplicate using the primers, probes and master mix types listed in Table 2 and following standard qPCR protocols described in previous studies (Knappett et al. b) . 
Experimental design and statistical analyses
The three well types (P, M and MS) were compared for E. coli prevalence using binned wet/dry season box plots and a monthly time series comparison between P and MS wells. 
RESULTS AND DISCUSSION
Monthly E. coli detection frequency in sealed and unsealed wells E. coli prevalence in tubewells was observed to be substantially higher in the monsoon than the dry season Although annular sealing appeared to substantially reduce E. coli detection frequency, the presence of an intact cement platform had no impact on the microbial drinking water quality from a private tubewell in either the wet or dry seasons (Figures 2(e) and 2(f)). The WHO/ In the present study, we did not differentiate between intact platforms with and without good drainage channels. The sample size in the present study for which monthly E. coli measurements were available is small, with 11 tubewells having good platforms and 19 that did It was hypothesized that E. coli detection frequency would decrease with depth. Well depth was not found to correlate to E. coli detection frequency for any class (P, M, MS) of wells in this study for any month or binned season. This is consistent with other studies measuring Throughout the 18-month monitoring period MS wells were typically less frequently contaminated on a month-tomonth basis (Figure 3(b) ). During the early monsoon season E. coli was just as prevalent in MS wells as P wells;
however, E. coli prevalence tended to decrease later in the monsoon in MS wells but continued to increase in P wells (Figure 3(b) ). Two exceptions to this pattern were when E. coli prevalence in MS wells exceeded P wells, following major rainfall events in the 2008 wet season.
These findings can be explained the following way.
Sealed monitoring wells act to sample aquifer water that becomes contaminated via vertical infiltration through the vadose zone in a 'first flush' event when the water table is still >4 m below the surface (Figure 3(a) ). Since 90% of all wells in this study have total depths that vary between 6 and 15 m, this 'first flush' water reaches the saturated water table only 0.5-9.5 m above the screened interval (1.5 m).
As the water table rises the impetus for downward movement of infiltrating rainwater through sediment decreases with the thinning of the vadose zone. Similarly, E. coli prevalence increases in P wells at the start of monsoonal rains, but in contrast to the MS wells, as the water table rises unsealed P wells become more frequently contaminated (Figure 3(b) ). wells were significantly lower than in P wells as assessed by the Kruskal-Wallis test (p < 0.05). Although FIB DNA concentrations were high during the dry season, no significant difference in concentration was observed between MS and P wells (Figures 4(a) and 4(c) ). This contrasts with the cultured E. coli data, which shows all three classes of tubewells have lower frequency of E. coli detected during the dry season than the wet (Figures 2(b) and 2(c) ). The similar concentrations of molecular FIBs in MS and P wells during the dry season suggests that short circuiting is not active during the dry season, and rather these concentrations of FIB DNA represent background levels in the aquifer sustained throughout much of the year.
This finding suggests that FIB DNA persistence in these shallow anaerobic aquifers is longer than culturable E. coli. 
CONCLUSION
Multiple differences, including annular sealing and usage frequency, between private wells and monitoring wells led to more frequent detections of E. coli in unsealed tubewells.
Clearly some simple well construction improvements can be made that will lead to decreases in FIB detections and cases of diarrheal disease obtained by drinking untreated groundwater (Gundry et al. ) . In a related study, hand pumps themselves were found to harbor E. coli long after being exposed to high levels of E. coli (Ferguson et al. ) . This effect could have accounted for some of the more frequent contamination seen here in private wells. Amongst unsealed private wells, however, platform presence/absence had no impact on microbial water quality. This finding could possibly be due to the lack of adequate drainage channels accompanying intact platforms; however, this lack of sensitivity to platform presence and quality has been reported previously in Bangladesh (Luby et al. ; Leber et al. ; van Geen et al. ) . Together these findings suggest that annular sealing or another private well construction factor may be much more important in determining 
